
 

 

Appendix E – Model Documentation 

Introduction 

 

Washington State Department of Ecology developed a dynamic one-dimensional QUAL2Kw 

(Version 6.0) model of the Pilchuck River to simulate biological productivity and diel pH 

swings. Ecology developed and calibrated the model using data collected in the summer of 2012. 

Details of the data collection, study area, and project goals and objectives are available in the 

QAPPs (Swanson, et al, 2012; Mathieu, 2014; Mathieu, 2016) and the main body of this report.  

 

This appendix documents the development, calibration, and model quality analysis of the 2012 

Pilchuck River QUAL2KW model. 

QUAL2Kw Modeling Framework 

 

The QUAL2Kw 6.0 modeling framework (Pelletier and Chapra, 2008) was used to develop the 

loading capacity for nutrients and to make predictions about water quality under various 

scenarios. The QUAL2Kw model framework and complete documentation are available at 

http://www.ecy.wa.gov/programs/eap/models html. 

 

The QUAL2Kw 6.0 modeling framework has the following characteristics: 

 

• One dimensional. The channel is well-mixed vertically and laterally. Also includes up 

to two optional transient storage zones connected to each main channel reach (surface 

and hyporheic transient storage zones). 

• Non-steady, non-uniform flow using kinematic wave flow routing. Continuous 

simulation with time-varying boundary conditions for periods of up to one year. 

• Dynamic heat budget. The heat budget and temperature are simulated as a function of 

meteorology on a continuously varying or repeating diel time scale. 

• Dynamic water-quality kinetics. All water quality state variables are simulated on a 

continuously varying or repeating diel time scale for biogeochemical processes. 

• Heat and mass inputs. Point and non-point loads and abstractions are simulated. 

• Phytoplankton and bottom algae in the water column, as well as sediment diagenesis, 

and heterotrophic metabolism in the hyporheic zone are simulated.  



 

 

• Variable stoichiometry. Luxury uptake of nutrients by the bottom algae (periphyton) is 

simulated with variable stoichiometry of N and P. 

The previous versions of Ecology’s QUAL2Kw modeling framework assume flows are constant, 

and other boundary conditions are represented by a repeating diel pattern.  Ecology recently 

updated QUAL2Kw to include use of the kinematic wave (KW) method of flow routing (Chapra, 

1997) for simulation of continuously changing channel velocity and depth in response to 

changing flows.  In addition, the updated QUAL2Kw framework allows input of continuous 

changes in other boundary conditions (e.g., tributary loading and meteorology).  Incorporation of 

KW transport and continuous boundary forcing now allows QUAL2Kw to be used to simulate 

continuous changes in water quality for up to a year.   

 

The updated QUAL2Kw framework was selected because the dominant primary producers in the 

Pilchuck River are bottom algae and it was considered necessary to simulate continuous changes 

in nutrients, biomass, and pH over an entire growing season, including representation of diel 

variations.  QUAL2Kw (with KW transport) is capable of dynamic simulation of river pH and 

includes kinetics that are representative of bottom algae as the dominant primary producers.  

 

Within QUAL2Kw, hydrodynamics for each reach are simulated based on channel 

characteristics, user supplied flow parameters, and the one-dimensional KW method. The KW 

equation is used to drive advective transport through free-flowing segments and to calculate 

flows, volumes, depths, and velocities resulting from variable upstream inflow.   

 

Ecology also used depth (from the 2014 float surveys), width (digitized from aerial 

photography), and velocity (2016 dye study) to develop the channel geometry for the QUAL2Kw 

model. Ecology used depth and width data from a range of flow conditions to generate power 

curves for the QUAL2Kw channel geometry.  

  

Ecology used two additional tools to develop the shade inputs for the QUAL2Kw model: Ttools, 

and the Shade model. 

 The Oregon Department of Environmental Quality (ODEQ) and Ecology’s TTools 

extension for ArcGIS (Ecology, 2015) was used to sample and process GIS data for input 

to the QUAL2Kw model. 

o Ecology has recently updated TTools with more modern python code and some 

additional improved features. This new version was used for the White River. 

 Ecology’s Shade.xlsm model (version 40b04a06; Pelletier, 2015)) was used to estimate 

effective shade along the mainstem of the Pilchuck River.  

o Effective shade was calculated at 50-meter intervals along the streams and then 

averaged within each model segment for input to the QUAL2Kw model.  

o The Shade model was adapted from a program also originally developed by the 

ODEQ as part of the HeatSource model. The Shade model uses (1) mathematical 

simulations to quantify potential daily solar load and generate percent effective 









 

 

PIL 2.0 - 6th St 39 1.00 0.0020 3 9.7 7.7 0.17 0.80 16.0 0.15 

2nd St (Downstream Boundary) 40 1.00 0.0021 2 7.7 5.6 0.22 0.64 11.5 0.27 

 

  



 

 

The headwater boundary condition was derived from time series and discrete data collected by 

Ecology at RM 25.5, at Menzel Lake Rd. 

  

Significant inputs (Table E-33) within the model were represented in the continuous sources 

worksheet and included: 

 

 Gaining groundwater input in 36 model segments (Reach 1-26, 28-33, 35, 37-40).  

 Tributary (surface water) inputs in 17 segments (Reach 1, 8, 9, 12, 14, 17, 18, 23, 25, 

29, 30, 31, 33, 35, 38, 39, and 40). 

 Municipal wastewater treatment facility for the city of Granite Falls (Reach 11).  

 

Ecology developed continuous flow inputs using the continuous USGS gage, results of the 

seepage surveys, and USGS StreamStats (Figure E-1). StreamStats was used to obtain estimates 

of peak 2 year storm flows for each tributary basin. A rating curve was the developed between 

the USGS gage on the Pilchuck River and each tributary using observed values and the 

StreamStats estimates.  

 

Continuous dissolved oxygen inputs (Figure E-2) were constructed by 1) calculating the potential 

DO at saturation using temperature, specific conductance, and barometric pressure; and 2) using 

the observed daily variation in saturation from the synoptic surveys to estimate DO 

concentrations. 

 

 





 

 

 

Figure E-2. Dissolved oxygen inputs/ boundary conditions for the 2012 model. 

7.5

8

8.5

9

9.5

10

10.5

11

11.5

12

12.5

13
Headwater 

7.5

8

8.5

9

9.5

10

10.5

11

11.5

12

12.5

13
All tributaries (except Little Pilchuck Creek)

D
is

so
lv

ed
 O

xy
ge

n
 (

m
g

/L
)

7.5

8

8.5

9

9.5

10

10.5

11

11.5

12

12.5

13
Little Pilchuck Creek



 

 

Table E-3. Inflows in the 2012 Pilchuck River QUAL2Kw model.  

Reach 

Number 

Inflow 

Source#1 

Inflow 

Source#2 

Inflow 

Source#3 

Inflow 

Source#4 

1 Groundwater Purdy Creek   

2 Groundwater    

3 Groundwater    

4 Groundwater    

5 Groundwater    

6 Groundwater    

7 Groundwater    

8 Groundwater Four Minor Tribs   

9 Groundwater Trib 19.3   

10 Groundwater    

11 Groundwater  Granite Falls WWTP  

12 Groundwater Garner Lk Trib   

13 Groundwater    

14 Groundwater Trib 17.2   

15 Groundwater    

16 Groundwater    

17 Groundwater Trib 15.3   

18 Groundwater Trib 14.6   

19 Groundwater    

20 Groundwater    

21 Groundwater    

22 Groundwater    

23 Groundwater Trib 11.5   

24 Groundwater    

25 Groundwater Trib 10.7   

26 Groundwater    

27     

28 Groundwater    

29 Groundwater Dubuque Creek  Little Pilchuck Creek 

30 Groundwater Trib 7.9   

31 Groundwater Trib 7.3   

32 Groundwater    

33 Groundwater Trib 6   

34     

35 Groundwater Scott Creek   

36     

37 Groundwater    

38 Groundwater Sexton Creek   

39 Groundwater Bunk Foss Creek   

40 Groundwater    

 

 





 

 

After the vegetation polygons were delineated, a longitudinal profile of vegetation information 

along the Pilchuck River was created by sampling these polygons along the right and left banks 

of the stream at 50-meter intervals using GIS, using the TTools extension for ArcView. Stream 

aspect, elevation, and topographic shade angles to the west, south, and east were also calculated 

by TTools at each 50-meter interval using a digital elevation model (DEM).  

The following settings were used when running TTools: 

 Sampling was conducted at 50-m intervals along the mainstem of the Pilchuck River.  

 LiDAR was used to determine the stream gradient using a 25-cell sample size, which is 

the maximum accuracy provided by TTools (cell sample size dictated by the input raster, 

therefore 6ft-by-6ft cells). 

 10-m DEM (Digital Elevation Model) was used for topographic shade angles because it 

was available for an extent beyond the immediate channel region, sampled to 10km away 

in 7 directions as the maximum accuracy provided by TTools. 

 Vegetation sampling occurred at 6-m intervals into the riparian buffer (nine samples total 

within the 180-foot buffer width) perpendicular to the stream aspect. Sampling occurred 

for both left and right banks. 

In addition to vegetation information, TTools was also used to sample each 50-m interval for 

channel wetted width, NSDZ width, stream aspect, stream elevation, and topographic shade angles 

in all directions. Using all of this relevant information, modeled effective shade was calculated 

based on channel geometry, vegetation, and solar position. 

 

These settings were specified within the Shade model: 

 Channel incision depth was estimated as the average incision measured from field sites. 

 The Bras Method for the Solar Radiation model. 

 The Chen Method of shade calculation: recommended for QUAL2Kw models. 

 

The output from TTools was then used as an input into Ecology’s Shade model (Ecology, 2008) 

to estimate effective shade along the Pilchuck River. Effective shade is defined as the fraction of 

incoming solar shortwave radiation above the vegetation and topography that is blocked from 

reaching the surface of the stream. Effective shade from 50m intervals was then averaged within 

each model reach for input into the QUAL2Kw model. 

 

The initial riparian vegetation coding, Ttools analysis, and shade modeling was conducted by 

Tetra Tech (Kennedy and Nicholas, 2013). Ecology reviewed the analysis, made some minor 

modifications, re-ran TTools, and re-ran the shade model.  

 

Most notably, Ecology adjusted the ‘tall’ riparian height classifications from 144 feet (44 m) to 

100 feet (30.5 m) and then recalculated effective shade. Initially, Tetra Tech assigned the ‘tall’ 

riparian vegetation categories a height classification of 144 feet (44 m). Ecology compared this 

to 36 field measurements of this height class and found a significant bias. The field measured 

values ranged from 40 to 140 feet with a median of 100 feet (Figure E-14).  

 





 

 

Table E-3. Vegetation codes, heights, densities, and overhang values. 

 Description Height 

(m) 

Density 

(%) 

OH 

(m) 

Conifer-Small-Dense 4.2 75% 0.4 

Conifer-Small-Sparse 4.2 25% 0.4 

Conifer-Medium-Dense 21.3 75% 2.1 

Conifer-Medium-Sparse 21.3 25% 2.1 

Conifer-Tall-Dense 30.5 75% 3.1 

Conifer-Tall-Sparse 30.5 25% 3.1 

Deciduous-Small-Dense 4.2 75% 0.4 

Deciduous-Small-Sparse 4.2 25% 0.4 

Deciduous-Medium-Dense 21.3 75% 2.1 

Deciduous-Medium-Sparse 21.3 25% 2.1 

Deciduous-Tall-Dense 30.5 75% 3.1 

Deciduous-Tall-Sparse 30.5 25% 3.1 

MixeE-Small-Dense 4.2 75% 0.4 

MixeE-Small-Sparse 4.2 25% 0.4 

MixeE-Medium-Dense 21.3 75% 2.1 

MixeE-Medium-Sparse 21.3 25% 2.1 

MixeE-Tall-Dense 30.5 75% 3.1 

MixeE-Tall-Sparse 30.5 25% 3.1 

Shrub-Dense 2.0 75% 0.2 

Shrub-Sparse 2.0 25% 0.2 

Grass (non-residential) 0.5 100% 0.1 

Grass (residential lawn) 0.5 100% 0.1 

Water 0.0 100% 0.0 

Pasture-Agriculture 0.0 100% 0.0 

Road 0.0 100% 0.0 

House 6.1 100% 0.0 

Sand/Barren 0.0 100% 0.0 

Clear-Cut Forest 0.0 100% 0.0 

Gravel-pit/Industrial 0.0 100% 0.0 

Powerline 0.0 100% 0.0 

Open-Recreational 0.0 100% 0.0 

Parking Lot 0.0 100% 0.0 

 





 

 

Table E-5. Non-default light extinction rates for the QUAL2Kw model. 

Parameter Value Unit 

Background light extinction 1 /m 

ISS light extinction 0.065 1/m-(mgD/L) 
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Figure E-15. Longitudinal pH predictions for 8/28/12 compared to observed data. 

 



 

 

 
Figure E-16. Diel DO predictions for Reach 33 on 8/28/12 compared to observed data. 

 









 

 

TableE-12-. Composite system potential vegetation height based on the soil survey site index values and percentage of the overall riparian buffer zone. 

Mapunit Name % of Total 

Riparian 

Area 

Dominant Species Site index Site index 

year 

basis 

Site 

Index 

Used 

Contribution 

to SPV 

height 

Sultan silt loam 30.5% Red alder 87 50 87 26.53 

Pilchuck loamy sand 27.5% Doug Fir 152 (115) 100 (50) 152 41.73 

Tokul-Winston gravelly loams 6.1% Doug Fir/W. Hemlock 173/166 (131/117) 100 (50) 169.5 10.26 

Puyallup fine sandy loam 5.7% Doug Fir/ Red Alder 173/na (115/85) 100 (50) 129 7.41 

Menzel silt loam 5.1% Doug Fir 179 (180?) 100 (50) 179 9.13 

Norma loam 4.9% Red alder 106 50 106 5.19 

Puget silty clay loam 3.4% Red alder 95 50 95 3.25 

Ragnar fine sandy loam 2.9% Doug Fir/W. Hemlock 165/159 (125/112) 100 (50) 162 4.70 

Tokul-Ogarty-Rock outcrop complex 2.4% Doug Fir/W. Hemlock 173/166 (131/117) 100 (50) 169.5 4.02 

Sumas silt loam 2.3% Red alder 80 50 80 1.88 

Winston gravelly loam 2.2% Doug Fir/W. Hemlock 167/164 (127/104) 100 (50) 165.5 3.67 

Tokul gravelly medial loam 1.7% Doug Fir/W. Hemlock 173/166 (131/117) 100 (50) 169.5 2.96 

Riverwash 1.4% n/a n/a  0 0.00 

Pits 1.2% n/a n/a  0 0.00 

Pastik silt loam 0.8% Doug Fir 180 (135) 100 (50) 180 1.48 

Cathcart loam 0.5% Doug Fir 175 (130) 100 (50) 175 0.85 

Everett gravelly sandy loam 0.5% Doug Fir 141 (111) 100 (50) 141 0.65 

Nargar-Lynnwood complex 0.3% Doug Fir 185/158 (138/121) 100 (50) 171.5 0.59 

Sultan variant silt loam 0.2% Red alder 85 50 85 0.18 

Skykomish gravelly loam 0.1% Western Hemlock 152 (106) 100 (50) 152 0.21 

Terric Medisaprists, nearly level 0.1% n/a n/a  0 0.00 

Kitsap silt loam 0.1% Doug Fir 166 (123) 100 (50) 166 0.08 

Sulsavar gravelly loam 0.0% Doug Fir 183 (141) 100 (50) 183 0.06 

Composite SPV height ft = 124.8 

Composite SPV height m = 38.1 



 

 

System Potential Model Assumptions 

 The technical approach for estimating nutrients is an adequate representation of “natural” 

concentrations.  

 Mature system potential riparian shade is adequately represented by a height of 38m. 

 Historical groundwater flows were similar to levels estimated from the 2012 study. 

Similarly, the percent of river flow exchanging with the hyporheic zone and the thickness 

of this zone were similar to those estimated in the 2012 study. 

  



 

 

Model evaluation - sensitivity and error analysis 

 

Ecology evaluated the quality of the model through both quantitative and qualitative methods, 

including: 

 Quantitative: 

o Assessing goodness of fit to observed data using RMSE. 

o Assessing the bias of the model compared to the observed data. 

o Sensitivity analysis on key rate parameters and inputs. 

 Qualitative:  

o Visual comparison of observed vs predicted spatial and temporal patterns in the 

data. 

o Model review and consultation from two senior water quality modelers from 

Ecology’s Environmental Assessment Program. 

Error Analysis 
The Pilchuck River QUAL2Kw model goodness of fit to observed data is summarized in Tables E-

1215 and E-1316. The Root Mean Squared Error (RMSE) statistic expresses the magnitude of typical 

model error for a variable in the same units as that variable. The Root Mean Squared Error 

Coefficient of Variation (RMSE CV) expresses the proportion of typical model error to the typical 

value of the variable. The overall bias statistic expresses the tendency of the model to over- or under-

predict the value of a given variable. Bias% expresses this tendency as a proportion of the typical 

value of the variable. The average observed values from this study for most variables are given for 

reference.  

 

For most variables, RMSE and bias are calculated by comparing modeled daily average values to 

observed daily average or grab sample values. For variables that display a marked diel swing, such as 

temperature, dissolved oxygen, and pH, the RMSE and bias are calculated for daily maximums and 

minimums as well. RMSE CV and Bias%, which express error as a proportion of typical variable 

values, are given for those variables that express a quantity or concentration of something. These 

statistics are not appropriate for temperature or pH.  

 
The QUAL2Kw model provides a good simulation of DO in the Pilchuck River. In particular, daily 

minimum DO had a minimal amount of error (RMSE = 0.23 mg/L) and bias (overall bias = +0.11 

mg/L). The model also provides a good simulation of SRP concentrations, with low error (RMSE = 

1.7 ug/L) and bias (+0.4 ug/L). 

 

  











 

 

 For the QUAL2Kw bottom algae parameters:  

o The scour function sensitivity was tested by turning the function off. The scour 

function is based on terms for periphyton detachment and catastrophic loss of 

biomass determined in the model developed by Uehlinger et al. (1996). 

o Bottom Algae “use HCO3- as substrate” option sensitivity was tested by 

changing from ‘Yes’ (calibrated) to ‘No’ 

o Ecology used the half-saturation light extinction model in the calibrated model. 

Only the light model constant was adjusted. Other extinction models were not 

tested for sensitivity. 

 For QUAL2Kw hyporheic biofilm parameters: 

o The Fast CBOD oxidation model sensitivity was tested by changing from zero-

order (calibrated) to first-order.  

o Hyporheic flow sensitivity was tested by changing the calibrated values for zone 

depth from 20-60 cm to 100cm and flow fraction from 10-15% to 25%. 

 

Results of the sensitivity analysis showed: 

 For bottom algae parameters,  

o DO, bottom algae biomass, and max pH goodness of fit were all significantly 

negatively impacted by a higher maximum growth rate. They were also negatively 

impacted by lower respiration rates (Figures E-20 & E-21). These results illustrate 

why the calibrated model used a lower maximum growth rate and higher 

respiration rates. This agrees with evidence that the Pilchuck River is likely a 

relatively low primary productivity stream, which is evident from: 

 The relatively low algal biomass levels,  

 Relatively low nutrient levels,  

 Predominance of diatoms over green algae, and  

 Estimate of respiration being greater than gross primary productivity. 

o SRP concentration in the river was, predictably, most sensitive to max growth rate 

and the kinetic phosphorus rates.  Kinetic phosphorus rates are affected by the 

following model parameters: external half saturation constant, subsistence quota, 

max uptake rate, and internal half sat ratio. 

o NO2-NO3 concentration in the river was, predictably, most sensitive to max 

growth rate and the kinetic nitrogen rates. Kinetic nitrogen rates are affected by 

the following model parameters: internal half sat ratio, subsistence quota, and 

max uptake rate. 

o The Pilchuck River calibrated growth rate (17 gD/m2/d) was similar to the median 

growth rate of the 27 QUAL2Kw models (25 gD/m2/d) with zero-order growth 

rates (interquartile range of 12 to 50 gD/m2/d; see Table E-7 in Model 

calibration). 

 For hyporheic biofilm parameters,  
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